We investigated the electrolytic removal of Pb(I1) from aqueous solutions containing different electrolytes (nitrate, chloride or sulfate), by electrolysis onto reticulated vitreous carbon electrode (RVC). The efficiency of the electrolytic process of lead removal was found to be a function of electrolyte composition.
Introduction
Among the many technologies developed and currently used for removal of transition and heavy metals from effluents and environmental waters, electrolytic methods possess many advantages.
They are relatively simple, rapid and efficient to perform and they do not produce environmentally hazardous byproducts. It is not surprising, therefore, that many commercial systems based on such electrochemical techniques have been developed for removal of different metals, includ- Achieving optimum efficiency in the electrochemical recovery of metal ions from real waste solutions, however, is a complex problem [2] involving some interesting technological and fundamental challenges. Wastewater is a very complex mixture of different species with a variety of different physico-chemical properties.
The metal-ion removal process. which is often carried out by metal deposition from solution to the electrode substrate, is inherently ill-defined in terms of deposition mechanisms, kinetics and other important reaction parameters [I, 51. In order to improve the characteristics of the metal deposit as a final product, various components, usually molecular additives, are
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G. Curruio et ul. / Elecfrochimicu Actu 44 (1999) [2633] [2634] [2635] [2636] [2637] [2638] [2639] [2640] [2641] [2642] [2643] often added in many commercial electrolytic baths [l] . These systems thus become even more complex and less definable. The mechanisms and kinetics of metal deposition processes on different substrates and from different electrolyte solutions have been favorite subjects of many fundamental electrochemical studies over the last few decades [6-lo] . Simple, well-defined model systems, far different from the complex reality, are generally investigated. The results of such studies have contributed to the understanding of electrode processes, thus aiding in the design of various types of electrochemical reactors for more efficient metal removal processes.
Despite obvious progress, the complete understanding of the metal removal process and those factors important for optimizing the corresponding reactions has yet to be achieved. The metal removal is based on and closely related to the understanding of metal deposition process and in many aspects depends on physico-chemical properties of the electrode surface, metal-substrate, anion-metal and anion-substrate interactions. The influences of the electrolyte composition, electrode substrate characteristics and different factors affecting the metal deposition process are already known through studies considering single-crystal metal electrodes [l l-151. However, since these electrodes are not suitable for technological applications, the findings are not directly applicable to electrode systems of different materials and characteristics (i.e. vitreous carbon electrode) which are often used in industry.
The mercury electrode surface, frequently used in past fundamental studies for defining the role of specific adsorbed anions and their contribution to reduction of metal ions, provided data which are also difficult to apply to practical applications. Using this system, metal ions were showed to coadsorb in presence of adsorbable anions [ 16, 171. Mercury, however, is no longer used as an electrode in industrial processes. In order to define correctly the processes on technologically important electrode surfaces, the same or at least similar electrode material should be used in academic studies.
We report on our study of Pb(I1) removal from aqueous electrolytes containing chloride, sulfate and nitrate ions based on Pb(I1) deposition on reticulated vitreous carbon (RVC) and fractured vitreous carbon (FVC) electrodes. The RVC electrode is more appropriate for industrial use since it possesses a higher specific area per unit volume: 66 cm* cmm3 vs. the geometric area of the FVC in two dimensions. This fact accounts for the increases in the current and thus the rate of product formation. The RVC electrode was purchased from Electrosynthesis Co. USA and the FVC electrode was prepared from a vitreous carbon rod of 0.5 cm diameter, (Alfa, AESAR USA) by manual fracture. In our preliminary surface characterization study [18] , we found that these two electrode surfaces possess rather similar characteristics. Therefore we expected FVC to serve as a very good model electrode surface for examining processes of the RVC electrode, which is more appropriate of the two for industrial use.
We also considered the influence of anions on the Pb(I1) deposition reaction, and consequently, on the efficiency of the Pb(I1) removal process. Ponce de Leon and Pletcher [2] , studied removal of Pb(I1) from aqueous solutions of perchlorate, nitrate, tetrafluoroborate, chloride and sulfate (pH 2), by electrodeposition process, at RVC electrode. Using electrochemical techniques, they found that the potential of deposit formation and the extent of Pb(I1) removal during electrolysis depended on the type of anion present in solution. A simple, mass transport controlled process was found only when the solution anion was chloride. In nitrate, perchlorate and tetrafluoroborate, Pb(I1) removal proceeded more slowly than the rate predicted by the model, which assumed mass transport controlled process. This suggested that these anions are noncomplexing agents, without ability to adsorb on the electrode surface. The chloride ion, on the other hand, seems to adsorb on the RVC electrode surface, possibly catalyzing the Pb(I1) deposition by an early growth of lead on the carbon surface. Removal of lead from sulphate solutions was only possible at very negative potentials, beyond the plateau of the reduction wave in the Z-E curves.
Our results support these previous findings, also showing that removal of Pb(I1) from chloride-containing electrolyte is the most efficient process. In order to relate removal and deposit formation, we also focussed on Pb deposit characterization on both RVC and FVC. Besides the electrochemical techniques (potentiostatic electrolysis, voltammetry), for the surface characterization atomic force microscopy (AFM). was used. AFM has proven to be a reliable tool for evaluation of surface morphology characteristics providing valuable qualitative information regarding the mechanism and quality of deposit adlayers, at the electrode surface [ 19-271.
Experimental
Electrochemical experiments involving the electrolysis of lead from aqueous solution and cyclic voltammetry were performed using a potentiostat-galvanostat Voltamaster 2, from Radiometer, France. The electrolysis experiments were performed using the cell and flow circuit described in a previous work [2, 28] . On the other hand a classical three-electrode cell, with a reference, counter and working electrode was used for Electrochemical experiments were carried out with the following different electrolytic solutions at pH 2, in 0.5 M NaCI, 0.5 M NaN03 and 0.5 M Na$Od. Lead concentration in electrolysis experiments varied between 0.024 and 0.4 mM. In the cyclic voltammetry measurements, the concentration of the electroactive species Pb(I1) was kept constant at 0.024 mM. In different electrolytes, the corresponding lead salt was used, for example in the nitrate electrolyte solution Pb(NO&, was used. For electrolyte solution preparation, the following chemicals, all analytical grade, were used: HCI, HN03, HzS04, NaCI, PbCI,, Pb(NO&, NaNO?, PbS04. NaZS04. All solutions were prepared using ultrapure Mini-Q@ water.
The progress of the Pb(I1) electrolysis (remediation) was monitored by checking the lead concentration in the electrolyte solution. Pb(II) concentrations were determined by atomic absorption spectroscopy (AAS) using a Perkin Elmer 2380PE model 157 spectrometer with an oxygen/acetylene flame. -Samples for analysis were taken every 5 min.
Atomic force microscopy (AFM). Nanoscope III, (Digital Instruments, USA) was used for visualization of the bare and lead covered FVC electrode surface. The samples for AFM visualization were prepared in three different electrolytes: nitrate, sulfate and chloride. AFM analysis was performed ex situ, under laboratory atmosphere.
AFM was operated in contact mode, with standard geometry silicon nitride probes. Images were collected in slow scan rate of I Hz. In order to evaluate the progress of Pb deposition process, the electrode surface was regularly visualize before and after the deposition process at different deposition overpotentials. Morphological characteristics of a lead free and lead covered FVC electrode surface were quantitatively evaluated using the AFM, Nanoscope III software package.
For each sample several images were recorded at different places. No destruction of sample was notice during imaging. All images in this paper are presented in the 'height mode', so that higher parts of the surface appear brighter in the image. Images are plotted in a 3-D presentation mode. with approximately the same H-J' and z scale.
Results
In order to understand the influence of different electrolytes on the electrochemical remittance of Pb(I1) from the aqueous solutions, we performed a constant potential electrolysis study. Electrolysis was carried out from 7 ppm Pb(l1) aqueous solution in 0.5 M inert electrolyte solutions of the appropriate sodium salt, adjusted to pH 2 with the corresponding acid, using the RVC electrode mounted in a flow-by cell. In each electrolyte, the process was carried out at different potentials based on the nature of Pb(II) deposition in different media. In order to perform electrolysis consistently as a mass transfer controlled process in different electrolyte solutions, different overpotentials should be applied as demonstrated previously [2] . In the chloride solution. electrolysis was carried out at -0.80 V vs. SCE and in the nitrate and sulfate media, at even more cathodic potentials of -I .OO and -1.20 V, respectively.
These potentials were selected after a detailed search in the long range of potentials [28] .
Progress of Pb(I1) electrolysis (depletion) was monitored by checking lead concentration in solution with atomic absorption spectroscopy (AAS). Fig. 1 90% of the total Pb(II) removal was achieved in different time frames: 15 min for Cl-, 20 min for NO, and 35 min for SO:-solution. Accordingly, the total charge consumption (Qror) during the electrolysis process (see Table 1 ) also increased in the same order from Cl-, to NO; and to SO:-. Based on these data and the AAS-analysis (monitoring Pb(II) concentration in solution), the efficiency of the removal process (cpe) and total electrolytic energy consumption (ES), were estimated (Table 1) . Maximum efficiency for Pb(I1) removal and the lowest energy consumption per mol of extracted material, were achieved in the case of the chloride-containing electrolyte. Pb(I1) removal from the sulfate-containing electrolyte, on the other hand, was very difficult, requiring 30 times more energy (kWh/mol) than removal from the chloride-containing electrolyte. These results are in agreement with previous reports [2] which also found that recovery from the sulfate electrolyte required more energy than removal from chloride electrolyte. The reason for this difference in behavior has yet to be explained. It is important to note that the current efficiencies for lead electrolysis represented in Table 1 are lower than those reported in a previous work [2] . This is probably due to the small initial Pb(II) concentration, which produces a current of the same order of magnitude as the residual current (capacitance processes, plus solvent electrolysis).
Cyclic voltammetry on the RVC electrode
Cyclic voltammetry was employed to examine the basis for the differential electrolyte efficiencies in the lead recovery process. With these experiments, we shifted our attention towards the formation and characterization of the Pb deposit at the VC electrode Table I Parameters related to the constant potential electrolysis using RVC electrode, for Pb(lI) removal to 90%. From three different electrolytes, corresponding to Fig, I ElVvs. SCE surface and evaluation of the role of anions during formation of the Pb deposit. First, the experiments were carried out with RVC electrodes. Fig. 2 shows the set of cyclic voltammograms obtained in different electrolytes containing 0.024 mM Pb(I1) for the RVC electrodes. In all electrolytes, the Pb(I1) deposition wave (at -0.600 V vs. SCE) was poorly-defined, possibly due to the similar magnitude of both capacitive and faradaic currents. The small faradaic current is due to the low Pb(I1) concentration and the large capacitive current is due to the large specific area, usually associated with RVC electrodes.
Indeed, the Pb(I1) deposition wave was hidden by a constant increase of the cathodic current.
Interestingly, when comparing the behavior among the different electrolytes, we observed a difference in the size of the Pb dissolution peaks. Regardless Table 2 Charge of the Pb-dissolution peak (anodic) estimated from voltammograms in Fig. 2 (RVC) and in Fig. 3 of the electrolyte used, the dissolution peak always appeared at the same potential of -0.50 V. 
AFM visualization of the Ph deposit at the FVC electrode swfl-ce
AFM was used to reveal surface morphology of the Pb deposit, in order to elucidate the mechanism of metal-deposit formation process (electrocrystallization and growth) on the VC electrode surface. In these experiments, FVC electrodes were used exclusively. The Pb deposit was prepared using the constant potential method.
In different electrolytes, the FVC electrode was exposed to different potentials for the period of 5 s. This relatively short deposition time led to the formation of a small amount of deposit onto the FVC electrode with a relatively smooth surface, convenient for AFM analysis. As in the case of electrolysis of Pb(I1) on RVC described above (Table l) , deposition of Pb(I1) from sulfate electrolyte was also associated with greater current and charge than from the other electrolytes. In the case of the chloride-containing electrolyte, the total current flow was about three times less than in the sulfate media.
AFM images, indicated a difference in the surface morphology between Pb deposit prepared differently. Fig. 4 shows the set of characteristic AFM images obtained for deposit free (a) and deposit covered (b-d) FVC electrode surface. Pb deposits visualized in images b-d were prepared from nitrate, chloride and sulfate electrolytes, respectively. As seen from AFM images, the electrode surface layer, whether deposit free or deposit covered, always possessed some kind of granular structure. This indicates that Pb(I1) deposition from all electrolytes can be associated with some kind of 3-D deposit formation.
The size and shape of the deposited grains, or clusters, however show the influence of the electrolyte composition, related to the differences in the deposit formation mechanism. Table I ).
The Pb(II) deposit formed from the nitrate electrolyte (Fig. 4b) had surface morphology similar to the deposit free FVC electrode. The surface layer consisted of ellipsoidal type of grains, 120 nm long and 50-100 nm wide. A similar texture was found for the bare FVC electrode surface (Fig. 4a) . The RMS(Rq) (the root-mean-square) function [33] , defined as a standard deviation of the height, calculated from all points obtained during a given scan, was used here as a measure of the surface roughness and indicated some difference in the surface roughness between these two surfaces (6.7 & 0.5 nm, for lead deposit in NO< electrolyte and 10.4 f 0.5 nm for bare electrode surface). We concluded that Pb(II) deposition form the nitrate electrolyte resulted in the electrode surface smoothening. The same trend was also observed for other samples. However, deposits formed from the sulfate and chloride electrolytes, appears to be slightly rougher than one formed in the nitrate electrolyte. Equal RMS(Rq) values were found (8.66 i_ 0.5 nm) for both surfaces.
A detail inspection of the AFM images revealed differences in surface morphology, considering the size and shape of the major surface features.
The Pb deposit formed from the chloride electrolyte possessed two type of characteristic surface features, the large ellipsoidal grains (350-420 nm diameter) and the small, round shape clusters of only 20 nm diameter (Fig. 4~) . Larger grains were formed apparently by annealing or smoothing of the small clusters, in a 2-D manner.
As described in other studies, chloride is expected to exhibit such behavior due to strong interaction with a metal surface. Details of the surface annealing phenomenon caused by anion enhanced surface diffusion and deposit leveling mechanism, have been amply discussed previously [34-381. This chloride enhanced surface mobility possibly results in a better packing of the metal deposit at the electrode surface, which ultimately contribute to the higher efficiency of the Pb(I1) removal process from the chloride-containing solutions.
Another interesting explanation for greater efficiency of metal removal from chloride-containing electrolytes is the increased number of nuclei at the VC surface during the deposition process due to presence of chloride in the deposition bath. As studied and reported by Mostany et al. [l7] , halides could coadsorb with lead at the VC surface, at the deposition potentials and provide new precursor sites for further lead nucleation. The authors suggest that this coadsorption effect does not change the kinetics of deposit growth, but is expected to influence the deposit characteristics, including the deposit surface morphology.
The effect was associated exclusively to the halides. Along the same line, Ponce de Leon and Pletcher [2] . showed that the presence of chloride in the electrolyte solution may led to improved performance (higher efficiency) for removal of lead from aqueous solutions.
In contrast to the deposition from chloride, our AFM images revealed that deposits formed from the sulfate electrolyte contained Pb clusters of intact, genuine 3-D shape, with a size of about 35-45 nm (Fig. 4d) . This is half the size of the grains seen at the bare FVC electrode substrate (Fig. 4a) , indicating the presence of more than one active site for the Pb(II) deposition process per single FVC grain. AFM images also showed that Pb clusters formed in sulfate solutions had no tendency to merge or associate in any way so that the surface looked different from one formed in a chloride solution. In the sulfate media, newly born Pb clusters are isolated from each other due to immediate formation of the lead salt PbS04 [39] on the cluster surface [40.41] . Pb clusters are thus passivated, encapsulated in an insoluble, poorly conductive salt film, which in terms of the observed surface morphology, leads to the preservation of genuine 3-D clusters. Surface poisoning and formation of a passivated adlayer around the genuine lead clusters, is most likely the reason for a decrease in the Pb(I1) removal efficiency and formation of low density deposits. In order to proceed with the deposition process on such surface, the insoluble salt must be removed from the lead clusters. This process most probably requires great energy consumption.
This also, supports electrochemical findings of higher energy consuming during the lead deposition from the sulfate solutions than from other electrolytes.
AFM visualization revealed differences in the surface morphology for Pb deposits prepared from different electrolytes. The most compact Pb adlayer with almost 2-D morphological characteristics was prepared from the chloride electrolyte.
In terms of electrochemical data, this corresponds to the highest efficiency of Pb(II) removal from the aqueous solution. AFM observations support the electrochemical findings, indicating that the explanation for such behavior is the nature and mechanism of the Pb(I1) deposition process. We, therefore, plan to continue to study the mechanism and kinetics of Pb(I1) deposition onto VC electrodes.
In particular, it will be interesting to see deposit behavior at the early stages of deposition, and try to visualize differences in number of nuclei at the electrode surface with different electrolytes.
Although ex situ AFM analysis proved to be an excellent tool for Pb(I1) deposit characterization.
our further studies are unlikely to include in situ AFM or in situ STM techniques.
Conclusions
Electrolytic removal of Pb(I1) from aqueous solutions containing the different electrolytes nitrate, chloride or sulfate, by electrolysis onto reticulated vitreous carbon electrode (RVC), showed that higher removal efficiency was achieved in the case of chloridecontaining electrolytes.
Removal of Pb(I1) from the sulfate electrolytes required a large current flow through the electrolytic cell and was the least efficient and the most energy consuming process. To understand the origin of the differences and the influence of anions during the lead removal process, we examined the Pb deposit formation and deposit characterization on the vitreous carbon (VC) electrode using cyclic voltammetry and the atomic force microscopy (AFM).
Our analyses included the RVC electrodes, important for industrial use, as well as the fractured vitreous carbon (FVC) electrodes. By determining the similarity in results for the two types of electrodes, we established that the FVC can be used as a model electrode for studying RVC electrodes under conditions and with techniques where using the RVC would be inconvenient.
The RVC and FVC, posses similar structure and physical-chemical properties since neither was passed through the pretreatment process characteristics for vitreous carbon electrodes (polishing, electrochemical activation, etc.). Our cyclic voltammetry for RVC and FVC electrodes in different Pb(II) electrolytes confirmed the similarity of these two electrode types. Furthermore, the analysis of the lead-deposit dissolution behavior shows that in the chloride solution, a significantly larger amount of deposit was formed than in the sulfate electrolyte. This is in agreement with data concerning the lead electrolysis efficiency and shows that the FVC electrode can be a laboratory replacement for the widely used RVC electrode.
Visualization of the lead deposit on FVC electrode surface using the AFM technique also confirms our electrochemical findings. Deposits formed from different electrolyte solutions possess different surface morphology characteristics, indicating different mechanism of formation or at least different kinds of interaction between the metal adlayer and the adsorbed anions. A well spread deposit all over the electrode surface in the form of 2-D film was found in the case of the chloridecontaining electrolyte.
The lead deposit formed from nitrate electrolyte appeared to have similar surface morphology similar to the bare FVC electrode. In the case of the sulfate-containing electrolyte, AFM revealed numerous, very small lead clusters, randomly distributed at the electrode surface. The observed differences in surface morphology among the lead deposit formed from different electrolyte solutions, have been attributed to the different interactions between solution anions and the metal adlayers or even the bare electrode surface. These interactions directly influence the deposit packing density and the efficiency of the electrolysis process. Deposition from sulfate solutions was inhibited by formation of the passivated salt adlayer over the lead clusters.
